Different climate change projections, such as UK Climate Impacts Program (UKCIP02) and 2009 UK Climate projections (UKCP09), have generated a large quantity of data that represent a range of possible future weather scenarios. This article investigates the potential consequences of alternative scenarios for the natural ventilation of non-domestic buildings. The article considers future natural ventilation rates in example buildings, the risk of summer overheating and whether natural ventilation will be a viable thermal control option for future summers. The wind is obviously a key driver of natural ventilation, and a necessary component of building simulation weather files. Problems associated with the generation of wind data from UKCP09 for the natural ventilation analyses are discussed and the influence of differences in weather files on predicted performance considered. These differences are important to the understanding of the consequences for the wider use of UKCP09 derived weather data for building energy evaluation. Practical applications: Weather data are widely used in practice to evaluate the potential and performance of natural ventilation in non-domestic buildings. The predicted differences in future weather data will have direct implications for the design of naturally ventilated buildings, and engineers will need to be aware of the possible implications these climatic differences will create.
Introduction
The long life of most buildings, and the sensitivity of their environmental performance to the external climate, mean that incorporating climate change predictions into building performance simulation has been an area of growing interest. Future performance analysis of case study buildings 1 suggest that providing a comfortable summer-time indoor environment without a heavy reliance on mechanical cooling will be a major challenge for many parts of the United Kingdom. Weather years from the Chartered Institution of Building Services Engineers (CIBSE), 2 incorporating the UK Climate Impacts Program (UKCIP) 2002 projections, 3 have been used to evaluate building performance under expected future climatic conditions. These have a deterministic representation of climate change due to the type of projection available from the 2002 projections (UKCIP02). With the more recent climate projections (UKCP09), 4 a probabilistic approach has been adopted to give more information about the levels of uncertainty. Part of the output from these projections has been large volumes of synthetic weather data produced by a stochastic weather generator. 5 Methods to use this synthetic weather data for building simulation have been a central part of a number of research projects associated with the Adaption and Resilience to Climate Change (ARCC) programme. 6 Some differences in approaches to the incorporation of these climate change scenarios into singleyear building simulation weather data have been developed, but the importance of these differences are unclear. One use of dynamic thermal building simulation is to determine whether a natural ventilation strategy is sufficient to maintain buildings comfort conditions. The avoidance of mechanical cooling wherever possible will continue to be a priority, both for now and in the future. There is a need, therefore, to evaluate the differences in natural ventilation characteristics due to the type of climate change information available.
Wind has been a problematic variable in the latest climate scenarios, due to its exclusion from the main UKCP09 outputs -this is despite the fact that wind data are required to enable natural ventilation to be modelled. It is also important that there is consistency between the other variables and wind speed as dynamic building energy models can attempt to control temperatures by the natural ventilation behaviour of building occupants and control systems (that is operation of natural ventilation or window openings). If the occurrences of high winds in the weather data coincide to an abnormal degree with heat waves then an unnatural representation of the natural ventilation could occur. Part of the stochastic weather generator process is the maintenance of inter-variable relationships, so the consistency across variables is considered. As wind speed was not a direct output of the UKCP09 weather generator, the production of weather data for dynamic building simulation has required the calculation of wind speed from another variable, the potential evapotranspiration (PET). 7 In this study, three weather data sets were compared and differences in wind representation and building ventilation characteristics identified, such as which data set resulted in the highest air exchange rates. In addition, the key relationships between external temperatures and overheating were investigated and differences between the weather data sets established.
Methodology
A key use of dynamic thermal building simulation is to determine whether a natural ventilation strategy is sufficient to maintain buildings comfort conditions and if the use of mechanical cooling can be avoided. The differences in natural ventilation characteristics due to the adoption of three different simulation weather data sources has been investigated with two example buildings modelled using the dynamic building simulation software DesignBuilder, which uses as its calculation engine Energyplus, a powerful thermal simulation package developed by the USA's Department of Energy.
Future weather data
Two weather data sets were developed by research groups affiliated with the ARCC network, COPSE 8 and PROMETHEUS. 9 These use the UKCP09 weather generator output to produce simulation weather data. The third source was CIBSE future weather years. 2 Manchester was the chosen location for this study, as all the required weather data were available and because it offers an alternative major urban location in the United Kingdom to London, which has been extensively analysed in recent years for climate change impacts. This study concentrated on single-year hourly weather data sets that have been traditionally used as input for dynamic building simulation. Other proposed methods which use multiple-year output from the UKCP09 weather generator, such as that proposed by Jenkins et al., 10 would not be as practical for this comparison. Another issue is the computational expense of running multizone airflow network models for large periods of simulation time. It is expected that yearlong reference sets of weather data will continue to be used to simulate natural ventilation, as they are a robust representation of the climate and are appropriate to the resources typically available to professionals working in the built environment.
Two types of weather file were used in this comparison from each source. The first were test reference years (TRY), which were made up of typical months fitted together and were used in this study for the comparison of building ventilation rates. The second weather file was the design summer years (DSY), which represent near-extreme years in terms of the summer temperature and was used in this study for the evaluation of overheating. Methods for the production of these types of files are given by Levermore and Parkinson. 11
UKCIP02
The CIBSE future weather years 2 incorporate the UKCP02 climate scenarios 3 into the CIBSE TRY and DSY weather files by the morphing method described by Belcher et al. 12 The simplicity of this method has made it attractive for building evaluation and the consistency between weather variables, which is present in the original data, is likely to be preserved in the morphed version. Although there is an intention to update these CIBSE weather files by incorporating the later UKCP09 projections, the UKCP02 versions were included in this comparison for reference. An additional difference between UKCIP02 and UKCP09 is that the former does not include carbon-cycle feedbacks.
UKCP09
The other two sets (PROMETHEUS and COPSE) of weather data that were compared in this study incorporated the projections from UKCP09 by producing TRYs and DSYs from the stochastic weather generator 5 output. From the weather generator up to 100 daily or hourly time series, each 30-years long and representative of a single emission scenario and a future period, were available. The weather generator first produces rainfall data calibrated from the historical baseline period as the primary variable and then other variables are produced using inter-variable relationships, as well as the climate change factors from UKCP09. Both PROMETHEUS and COPSE data sets were produced from these 3000 year (100 Â 30 years) UKCP09 weather generator outputs with reference to the methods of TRY and DSY production. 11 COPSE and PROMETHEUS were based on different runs of the weather generator, which means that although these different runs were statistically equivalent, the data at each point in time would be expected to be different due to the nature of the stochastic process. Differences in method also arose due to the representation of the wind and the climate change percentile grouping of the data from which the DSYs and TRYs were produced. These differences are examined in this study.
Wind speed projection
Although wind speed projections were not included in the UKCP09 probabilistic output, due to a high degree of variations for this variable and a lack of systematic change, 4 it is possible to access the regional climate model (RCM) output on which UKCP09 was partly based via the LINK project. 13 This provided 11 perturbed physic projections from the Hadley Centre Met office RCM (HadRM3), which has an approximately 25 km horizontal resolution. 4 The downsides to this source were that, first, it is not possible to check where in the probability distribution each RCM projection lies and, second, this ensemble represents a smaller range of sampled uncertainty than the main projections. In this study, an investigation of the upper and lower bounds for the predictions for wind speed, the differences in building air exchange rate were compared for two RCM variants. The continuous daily time series from 1950 to 2099 produced by the HadRM3 climate model was used to produce change factors for the future period; two of these RCM variants, named 3q9 and 3q11, were close to the upper and lower bounds of wind change factors for the mid-summer months. This was done as it is not valid to only choose the central estimate. 14 The change factors were applied to a CIBSE TRY file using the morphing method. 12 The sensitivity of building natural ventilations to these contrasting variants was then compared -see Section 3.1.
In addition, the upper and lower bounds across all the RCM variants were compared to the monthly variation in wind speed given in the weather data sets, including those derived from weather generator data. Wind speed from the weather generator needed to be calculated from PET so that inter-variable relationships between wind speed and the other weather generator variables could be preserved. Both the COPSE and PROMETHEUS data have wind speeds that were determined by the rearrangement of Equation (1), 15 upon which the algorithm used by the weather generator to calculate PET is based:
where PET is the grass reference evapotranspiration (mm day À1 ), R n is the net radiation at the crop surface (MJ m À2 day À1 ), G is the soil heat flux (MJ m À2 day À1 ) here assumed to be 0, T is the mean temperature at 2 m height (8C), U 2 is wind speed at 2 m height (m s À1 ), (e ae d ) is vapour pressure deficit for measurement at 2 m height (kPa), Á is the slope of the vapour pressure curve (kPa 8C À1 ) and is the psychrometric constant (kPa 8C À1 ). The following coefficients were used in Equation (1): 900 coefficient for the reference crop (KJ kg À1 day À1 ), 0.34 wind coefficient for the reference crop (s m À1 ). Daily time series for PET produced a consistent daily wind speed from which hourly values and a wind direction had to be produced. This was achieved through different methods for PROMETHEUS 7 and COPSE. 16 The differences between aspects of wind direction representations are discussed in Section 3.4.
Example building models
Two example building models were developed for this comparison and they are illustrated in Figure 1 . Both were constructed and run in DesignBuilder/EnergyPlus, 17 which has been widely used and validated. 18 The buildings were modelled as free running (no mechanical cooling) and simulations were run over a spring/summer time period from April to September. Natural ventilation rates were calculated utilizing the EnergyPlus network airflow model, which is based on COMIS. 19 Weather station wind speed is adjusted according to the method given in the ASHRAE handbook 20 and using coefficients representing suburban terrain to give the local wind speed.
Example Building 1 was used for the comparison of air exchange rates. This is a long office building and is shown in Figure  1 (a). The footprint is 65.4 m Â 13.4 m and the building consists of 45 zones, 25 of which are offices. For part of the comparison, a natural ventilation set point of 248C was used, which is a mid value of the range of internal comfort temperatures for naturally ventilated buildings. 21 In all, 30% of the fac¸ade of Building 1 is glazed with 5% of this window area being assumed to be opened once the ventilation set point is reached. Example Building 2 was used in the comparison of overheating and is shown in Figure 1(b) . This is a simple threestorey office building with a footprint of 13 m Â 13 m; the building has 18 zones, 9 of which are offices. A number of passive measures have been incorporated to reduce the risk of overheating, including window shading, 30% of window area being openable and night ventilation.
For both building models, all windows were openable, which can be related to the noise exposure of the building facade and the tolerance of the occupants to noise by the methods presented by Barclay et al. 22 Depending on the tolerance of noise from the occupants and the surrounding noise environment, noise reduction measures may be necessary to ensure the levels of ventilation openings represented in these example buildings.
Performance indicators
The performance indicators used in this study were the air exchange rate in terms of number of air changes per hour (ach) and the percentage of time temperatures were above a thermal comfort threshold. The air exchange rate is important for air quality and can have a strong influence on internal temperatures and thermal comfort, depending on the external temperatures. Due to the dynamic nature of temperature changes in a building, overheating is usually defined as a proportion of time above a threshold temperature. 23 Two such threshold temperatures were used in this study.
A 288C from CIBSE Guide A, 23 which describes an office building as overheating, if this temperature is exceeded for more than 1% of the occupied hours. Category II adaptive comfort temperature from European standard BS EN 15251:2007, 24 which has a predicted percentage dissatisfied value of 10% and is recommended for new buildings.
The adaptive comfort temperature varies with the background climate and it aims to describe the thermal experience of occupants better than a single temperature; the adaptive comfort threshold temperature Â imax is defined in the following way: The running mean Â rm is defined as:
where Â rmÀ1 is the running mean from the previous day, Â edÀ1 is the daily mean external dry bulb temperature for the previous day, and is a constant between 0 and 1, with 0.8 being recommended.
It should be noted that there is no current guidance on what percentage of time an adaptive comfort model is exceeded by to constitute building overheating. The European standard was identified by McGilligan et al., 25 as having the most energy saving potential compared with ASHRAE 55 26 ; also, the European adaptive threshold temperature was thought to be more sensitive to climatic changes as it employs a running mean, continually changing, reference temperature and was felt to be more appropriate for this comparison of weather data. The performance indicators from the simulation of the example buildings were produced for thermal zones across the building at each hour through the summer and then average occupied values were calculated. For the adaptive comfort results, an hourly time series of threshold temperature was produced from the external temperature in each weather data set. This was then compared to the calculated internal temperature at each occupied hour.
Results and discussion

Wind speed representation
For the initial investigation into differences in air exchange rates due to different wind speed prediction, the differences due to adopting different climate model variants were investigated. The two variants (3q9 and 3q1) from the 11 member RCM were incorporated into a TRY file via the morphing method 12 and run with Building 1 so that air exchange rates could be compared. At maximum opening of the fac¸ade, the difference between the variants was 0.07 ach, which was a 3.4% change in ach. The wind speed change factors between the control period and the 2050's and 2080's for the TRY weather data sets are given in Table 1 , where the upper and lower bound change factors for all variants of the HadRM3 ensemble 13 are also given.
PROMETHEUS and COPSE show a greater range of change factors from month to month, up to 18% compared to the same months of the control period. This can be seen as mainly a product of the stochastic weather generators representation of the natural variability in wind speed. Over the summer period this evens out to changes of 1.7% and -3.8%, which are comfortably within the range represented by the RCM upper and lower bounds. The average change over the summer time period for the CIBSE weather files was -0.4%. This was within the range of the more recent climate ensemble 
Comparison of ventilation rates across TRYs
The air exchange rates were compared across the TRYs from the PROMETHEUS, COPSE and CIBSE data sets, as shown in Figure 2 , where zone air exchange rates from Example Building 1 were compared between the control period, 2050's and 2080's. A highemission scenario was adopted for all future periods as this was available for all data sets and enabled a comparison to be made. The PROMETHEUS data give a choice of climate change percentiles and in this comparison, the 50 percentile was chosen as this represents the closest to the other TRY weather files. Different percentiles were investigated in more detail in the comparison of overheating.
The air exchange rates across the zones of the example building can be seen in Figure 2 ; during the control period, all data sets had mean ventilation rates within 0.2 ach of each other. This difference increases in the future periods, with PROMETHEUS data up to 0.9 ach higher than the other two data sets. With the temperature ventilation control removed the difference between the PROMETHEUS data set reduced to within 0.4 ach, indicating the degree to which removal of the ventilation temperature set points reduced the influence of temperature on the natural ventilation rates.
Wind direction
For both the COPSE and PROMETHEUS weather data sets, wind direction had to be generated as it was not included in the weather generator output or any projections. This was due to wind direction being highly variable and also closely related to the larger scale weather patterns, which are difficult to represent robustly. 4 Figure 3 shows wind direction polar plots for the control period TRYs for each of the data sets for the percentage of occurrence for 308 segments of the compass. All three weather files show the larger proportion of the time with the wind coming from west. It can be seen that the COPSE and CIBSE wind directions are more closely matched with each other than the PROMETHEUS wind direction. Both COPSE and CIBSE have the highest frequency of wind coming from the south, with similar distributions.
The direction distribution for PROMETHEUS was smoother and this can be related to the differences in methods used to generate wind direction. The CIBSE data are based directly on measured data, so the directions were inherited from the measurements. No morphing was applied to wind direction, so this was also the same for future periods. The COPSE wind direction was replicated to fit the historical distribution but was independent of wind speed 16 -this was why the COPSE and CIBSE wind direction distributions are closely matched. PROMETHEUS uses a probabilistic representation of the wind direction 7 where historical weather data from 1961 to 1990 are used to produce probabilistic distributions between wind speed and the season. The wind direction was generated every 6 h and the other hourly directions in the series were linearly interpolated. This can be seen in Figure 3 and was the probable reason for the smoothness of the distribution compared to the CIBSE and COPSE direction distributions for Manchester. Intermediate directions register a frequency even if they were not produced very often from the generator, due to this linear interpolation. The directions have been linked to wind speed statistically, so the occurrence of higher winds from certain directions were be more likely to be preserved.
Sensitivity to change in wind direction
In order to investigate how these differences in direction distribution affected ventilation rates, the sensitivity to a change in direction was compared. First, a number of shifts in directions were applied throughout the COPSE control TRY and ach for this was simulated for Example Building 1, the results of which are given in Figure 4 .
The sensitivity of the zones to a change in wind direction varies substantially. For some zones the change was negligible but for others an ach change of up to 30% was seen. This was still somewhat less than what has been presented in the work of Horan and Finn. 27 In their CFD study, the air exchange rates in a modelled atrium building were shown to vary from 2.93 to 1.0 ach for a 458 change in wind direction, with a constant wind speed of 3 m s À1 and single-vent model. Such a dramatic change was not present between the COPSE and PROMETHEUS weather data sets.
The sensitivity of Building 1 was highest for changes in wind direction between 08 and 458, and so this was chosen for the comparison of sensitivity between weather files. Comparing the sensitivity of the PROMETHEUS and COPSE data sets to this change in direction revealed that PROMETHEUS data resulted in a 3% increase in sensitivity -a repeated measures T-test supported the statistical significance of this result. Whether the wind direction information was appropriate for the site in question depends on a variety of factors, such as topographical differences between the weather station and site and future changes in the pressure systems. These considerations are beyond the scope of this study, which was concerned with the differences between the available simulation weather data.
Thermal comfort
The simulation of thermal comfort conditions in a building is central to whether sole reliance on natural ventilation is possible or whether mechanical cooling will be needed. Figure 5 shows the percentage of occupied hours above the two different comfort threshold temperatures for the control period. First, it can be seen that for Example Building 2 the CIBSE Guide A 23 definition of overheating has for the most part been avoided, except for one zone with the CIBSE DSY, which reached just over at 1.02% of occupied hours. The increase in overheating for the CIBSE control period was in keeping with the differences in the control periods used by CIBSE and the other two data sets. The COPSE and PROMETHEUS control period comes from 1960 to 1990 data and the CIBSE DSY was from 1983 to 2004. This translates to average summer temperatures of 13.88C for the 1960-1990 control period and 14.28C for 1983-2004, and was an indication of the change in climate that has already occurred.
It can be seen from Figure 5 that for the control period the occurrences above the adaptive threshold temperature were larger than the occurrences above 288C. This is reversed when future weather data was considered, as illustrated in Figures 6 and 7 .
Overall, Figures 6 and 7 show a clear and substantial increase in hours above the comfort threshold temperature into the future. The PROMETHEUS 50 percentile was only 0.18C higher than the CIBSE DSY for the 2050's and the 2080's, indicating that the central prediction from UKCP09 was similar to the previous UKCIP02 generation of projections for this location. The published comparison 28 where UKCP09 was shown to give a 0.3 decrease compared to UKCIP02 for a location in Dorset indicates differences due to location. For the results so far, PROMETHEUS weather data representing the 50th percentile has been used in the comparisons, as can be seen from Figure 7 . Substantial differences between COPSE and PROMETHEUS have developed as the comparison moves to the 2080's. One of the main differences in the production of the DSYs was the difference in approach to the percentiles of weather generator data. This was important for external temperatures represented in the weather files and, therefore, the level of overheating. For the COPSE method, 16 all 3000 years produced from the 100 weather generator runs of 30-year periods were ranked according to the external temperature, and a year that represents the centre of the upper quartile was chosen as the DSY. This, in effect, mixes together the natural variability in a 30-year period represented by the weather generator output and the climate change forcing from the climate modelling and often represented in the probabilistic plots. In the PROMETHEUS method, 29 a DSY was produced from each 100 of the 30-year time periods; these 100 DSY were then ranked and a number of percentiles from these 100 weather files made available. Differences within these options could be very important for buildings close to the overheating benchmark and might affect the adoption of mechanical cooling. The relationships between summer external temperature, climate percentile and overheating are illustrated in Figure 8 . This shows the percentage of time over the comfort threshold Figure 8 again illustrates the differences between the two approaches to the overheating threshold temperature with the occurrence of hours above the adaptive comfort threshold temperature progressively reduced relative to the 288C threshold, as summer-time temperatures increase. This was due to the running mean from Equation (2) of the adaptive standard adjusting for some of the increase in external temperatures. The difference in approach to future DSY generation between COPSE and PROMETHEUS can be seen in Figure 8 . The COPSE method, in combining these two factors by ranking all 3000 years, has the benefit of simplifying the number of options available when choosing a weather file, making the comparison of building designs easier. For each time slice and emission scenario there was one DSY produced. With the PROMETHEUS method there was the additional choice of the following climate change percentiles: 10%, 33%, 50%, 66% and 90%. Two of these (50% and 90%) are included in Figure 8 . It can be seen that the COPSE temperatures were between the PROMETHEUS 50th percentile and the 90th percentile temperatures. There was also a subtly different interpretation of what constitutes near-extreme for DSY production. The COPSE method takes the definition of a summer representing the middle of the upper quartile, so the year representing the 87.5% of the 3000 years in a weather generator run was chosen. With the PROMETHEUS method the fourth warmest of each 30-year set was chosen. It should also be noted that the general methodology for DSY production has been widely criticised, for example by Jentsch and Bahaj, 1 due to the selection of a whole intact year simply on the bases of nearextreme summer-time temperatures. This has led to ongoing work on establishing a so-called design reference year with a more robust methodology. However, for the time being, the DSY remains the industry standard in terms of overheating assessment. Previous studies have found linear relationships between mean external temperatures and maximum internal temperature. 30 This kind of linear relationship would also be useful to simplify future performance analysis for overheating in naturally ventilated buildings. Figure 9 shows percentage of hours over 288C modelled for Example Building 2 against mean external temperature for the full range of time periods and emission scenarios included in the CIBSE data set.
The linear regression in Figure 9 fits quite well considering the complexities of overheating in a naturally ventilated building, with a correlation coefficient (R 2 ) of 0.9811. The closeness of fit for a linear approximation was not as strong for the UKCP09 weather generator-derived weather data sets of PROMETHEUS and COPSE, results for which are given in Figure 10 . PROMETHEUS and COPSE gave correlation coefficients of 0.7881 and 0.8314, respectively, which, although indicating more scatter, are still statistically significant correlations (p50.05). The increased scatter would likely be due to each year of these data sets being separate synthetic time series with a different profile of peak temperatures and other variables.
Conclusions
Differences in wind speed, wind direction and air exchange rates have been illustrated in this study, with PROMETHEUS data consistently giving the highest ventilation rates, between 0.1 and 0.9 ach higher than the other two data sets. The need for wind speed data for building evaluation was less a need to know what changes were likely in the future, due to the uncertainty and small projected change, but more a need for complete data sets that can be used with dynamic thermal models. All the sets provide this and, although differences such as those illustrated in the results exist, all sets represent plausible wind data. The higher ach rates for PROMETHEUS could be seen as beneficial in terms of avoiding mechanical ventilation use, although the effect of climate change percentile treatment on overheating is more important. The difficulty in maintaining thermal comfort by natural ventilation alone in the future was shown. Even with the adoption of the passive measures in Building 2, overheating is only avoided for the control datasets, but then increases progressively with future temperature increases.
The investigation of the relationship between overheating and summer-time temperatures found that results from CIBSE weather data fitted a linear regression more closely than the PROMETHEUS and COPSE results. Though the importance of external temperatures to building overheating was still clear for the UKCP09 derived data, the central reason for the differences in closeness Figure 10 Overheating plotted against mean summer external temperatures for the weather generator-derived data sets of fit comes from the weather generatorderived data having different time series for each year. Each CIBSE time series (control and future) is based on the same profile but was adjusted into the future. The overheating results, being sensitive to the details of the time series and so use of the weather generator output for this purpose, would rely strongly on the time series of the important weather variables having a valid representation.
